The search for a theory of quantum gravity faces two great challenges: the incredibly small scales of the Planck length and time, and the possibility that the observed constants of nature are in part the result of random processes. A priori, one might have expected these to be insuperable obstacles. However, clues from observed physics, and the discovery of string theory, raise the hope that the unification of quantum mechanics and general relativity is within reach.
The Planck scale
I am sorry to have to miss this meeting. The question of how we are to understand quantum gravity is vitally important, and I would like to look at it in a broad way.
I will begin with the first, and arguably the most important, calculation in this subject. This is Planck's 1899 use of dimensional analysis, combining the speed of light c, the gravitational constant G, and his own constant , to identify a fundamental length scale in nature [1] , l P = G/c 3 = 1.6 × 10 −33 cm .
Planck had a strong sense of the importance of what he had done:
These necessarily retain their meaning for all times and for all civilizations, even extraterrestrial and non-human ones, and can therefore be designated as natural units. Of course, prediction in science is hard, but the incredibly small scale of the Planck length is a powerful fact. In Planck's time it had taken approximately 300 years to move four orders of magnitude, from the 10 −4 cm achievable by optical microscopes to the 10 −8 cm of the atomic scale. Now he was arguing that to reach the natural length scale of nature one would have to improve by a further twenty-five orders of magnitude. The first thing that Planck might have predicted is the existence of this meeting. He could anticipate that this natural scale would remain inaccessible to direct observation for a very long time, perhaps forever. So we would be confronted with the problem of how we are to proceed, and that is what this meeting is about.
It is interesting to consider the situation if Planck's calculation had worked out to 10
cm. This would still have seemed remote to him, nine orders of magnitude past the atomic scale. But this is the length scale that the LHC is reaching today. If this had been the Planck length, we would not be sitting around here whining about falsifiability, but instead anticipating a wonderland of experimental quantum gravity. cm very much affects the tools that I can use, and the rate at which I can expect to make progress. Theories in the making are judged in a different way than finished theories. And because the Planck scale is so remote, this first period is likely to be much longer than we are used to. For those who say that science has changed, what has changed is the magnitude of what we are trying to do, of what we need to do given what Nature has presented us with.
So how are we to proceed? After moving four orders of magnitude in 300 years, and then nine orders in a little more than 100 years, we might continue to progress incrementally, and hope that some sort of scientific Moore's law will carry us the remaining sixteen orders of magnitude in time. Certainly, there is no shortage of effort going into the next power of ten, and there are many indirect probes of higher energy physics, though almost all of these have been negative. But there is reason to hope that we are in a position to leap to the answer.
There have been times when theory has been able to leap a smaller gap: from Maxwell to light, from Dirac to antiparticles, from the Standard Model to the gluon, W , Z, top, and Higgs. The gap here is vastly larger than any we have met before, but at the same time our theoretical sophistication has grown, and we have great theories, quantum mechanics and relativity, to build on.
There is a danger of defining science too rigidly, so that one might decree that any discussion of the physics at 10 −33 cm is unscientific because it is beyond reach of direct observation. This was the attitude for a long period after Planck, lingering even when I was a graduate student. But this makes science too weak, to decree that there are aspects of the natural world that are outside of its domain. We have to make the effort; it may prove to be fruitless, or premature, but I will argue that the situation is not so bad.
Let me continue my Planckian prediction game. One scenario Planck might have imagined is that his calculation was overly pessimistic. Dimensional analysis only works if one has identified all the relevant constants, and perhaps he had the wrong ones. But the subsequent history seems to have borne out his choice. Each of his constants, c, G, and , was about to launch a scientific revolution -special relativity, general relativity, and quantum mechanics -and these revolutions are still the center of our understanding of space, time, matter, and even reality. Further, various ways in which quantum gravity might have manifested at longer distances -large extra dimensions, low-scale strings, violations of Lorentz invariance (though this is problematic, as I will discuss later) -have thus far failed to appear. So we don't seem to be in the optimistic scenario.
At the opposite extreme, Planck might have imagined that quantum gravity would largely be ignored, for how can science progress without observation? Of course, given the importance of the problem, physicists would continue to dabble in it from time to time, and a few would devote themselves to it. But this is not the present situation either.
What has actually happened is something that would have been difficult to predict. A large fraction of the theoretical physics community is working on quantum gravity, not with the enthusiasm that they would have had in the optimistic scenario, but certainly with far more enthusiasm and sense of progress than in the pessimistic scenario. Something has happened, and that something is the discovery of string theory.
Of course, it is a sociological phenomenon that I have described so far, but it is the reflection of a scientific one. But let me first analyze the sociology a bit further. One might think that my claim is circular: "Of course, string theorists work on string theory." But science does not fall into such narrow silos. Indeed, it is striking that, with few exceptions, those who have contributed major ideas to string theory have also made major contributions to other areas of science, including particle physics [2, 3, 4, 5, 6, 7, 8, 9, 10] , quantum field theory [11, 12, 13, 14, 15, 16] , mathematics [17, 18, 19, 20, 21] , condensed matter physics [22, 23, 24, 25, 26] , general relativity [27, 28, 29, 30] , cosmology [31, 32, 33, 34] , nuclear physics [35, 36, 37, 38] , and most recently quantum information theory [39, 40] .
1
There is a rather silly criticism of string theory [41] , that string theorists are not enough like Einstein. This focuses on Einstein's philosophical bent. But there was more to Einstein.
In addition to his work on relativity, Einstein explained the photoelectric effect in terms of the quantization of light, and Brownian motion in terms of atoms, predicted stimulated emission, and understood the heat capacity of matter, among many other insights. It seems that there is a unity to physics, so that the ability to perceive new principles is not limited to narrow areas.
I included this list to show that the scientists working on string theory are theoretical physicists in a broad sense (and many of those working on other approaches to quantum gravity suffer for a lack of this). But this also helps to explain how string theory is able to remain vital even with limited data. And, I am happy to see that many young people appear on the list.
String theory
I am arguing that the discovery of a theory like strings is a surprise, something that Planck could not have anticipated. To see why, I will enumerate five features: the solution to the short distance problem, the uniqueness of the dynamics, the unification of physics and 1 I felt it important to illustrate this point with examples, but I have certainly omitted other scientists and papers of equal importance. Most of these examples are physicists who are generally identified as string theorists contributing in other areas, but some (e.g. [9, 10, 35, 40] ) are physicists from other areas employing ideas from string theory, usually to the enrichment of both fields, while others are a combination of the two (e.g. [28, 19, 20, 23, 29, 25, 26, 33, 36] ). geometry, the duality between gauge fields and strings, and new insights into the quantum mechanics of black holes.
The short distance problem
The first question to ask is, what do our existing theories predict for physics at shorter distances.
If we simply take Einstein's theory and feed it into the path integral, applying the standard recipe for quantizing a classical theory, we get infinities. Again this is implicit in Planck's calculation (1): setting = c = 1, the gravitational coupling G has units of length (cm) squared. If we probe the physics at some length scale d, the dimensionless coupling is
2 , growing stronger as d → 0. In the quantum theory there will be virtual effects running over all values of d, giving a divergent result even for observations on longer distance scales. The typical observation would be the scattering of gravitons, or more geometrically the measurement of quantum corrections to the solutions to Einstein's equations. In the language of particle physics this is the problem of nonrenormalizability; more geometrically it is the problem of spacetime foam, quantum fluctuations tearing spacetime apart at short distances.
This problem is not unique to gravity. The Fermi theory of the weak interaction also has a coupling constant (G F ) with units of cm 2 . This was a key clue that allowed theorists to predict the W , Z, and higgs, and most of their detailed properties, before experiment gave any direct sign that they even existed -one of the gaps that has successfully been leapt.
To see why this clue is so powerful, imagine that we try to make a new theory that solves this problem, by smearing out the interaction so that it is not so strong at short distances.
Because of special relativity, smearing in space implies smearing in time, so we lose causality or unitarity and our theory does not make sense. It would be easy to cure the problem, and find many candidate theories of the weak interaction or of gravity, if we were willing to give up Lorentz invariance. But Lorentz invariance has been confirmed to very high accuracy, and even it were broken only at very short distances, virtual effects would transmit large breaking to observed quantities [42] . So this is the first thing that Planck might not have anticipated, that our theories of physics would become so tightly intertwined as to allow few ways forward.
In the case of the weak interaction, introducing the W , Z, and higgs produced the necessary smearing in a physically sensible way. In the case of gravity the problem is harder.
Rather than just adding a few particles, it seems necessary to change the nature of all particles, from points to strings. At least, that was the first thing that worked.
There are other ideas out there. I have reservations about most or all of them (for example, many violate Lorentz invariance). But this is not so relevant to my talk, because the thing I am trying to explain is not why theorists work on one theory of quantum gravity rather than another, but why they work on quantum gravity at all. I am arguing that string theory is successful on an absolute scale, not a relative one. This requires positive arguments, not negative ones, and so we move on to the next positive.
Uniqueness of dynamics
A remarkable feature of string theory is that the dynamics, the equation of motion, is completely fixed by general principle. This is consistent with the overall direction of fundamental theory, describing the vast range of phenomena that we see in terms of fewer and fewer underlying principles. Uniqueness would seem to be the natural endpoint to this process, but such theories are truly rare.
General relativity for a time seemed to have this property, with the equivalence principle determining the form of the Einstein equation. Of course, the cosmological constant was a confusion, and the equation does not describe matter, but more importantly the restriction to terms linear in the curvature was artificial. The equivalence principle allows terms quadratic in the curvature, cubic, and so on. Indeed, even if one tries to omit them, they will be generated by quantum effects [43] . The reason that we do not usually discuss them is that their effects are minuscule for dimensional reasons -Planck's calculation again -but as a matter of principle they will be there.
In quantum field theory we also have many choices: gauge symmetries, field content, and couplings, including higher derivative terms. There seems to be nothing else like string theory.
2 Its existence is a surprising discovery, and I emphasize the word discovery. It is a mathematical-physical structure that exists, and we are discovering it .
Indeed, when I assert that the equations of string theory are fully determined by general principle, I must admit that we do not yet know the full form of the equations, or the ultimate principle. String theory was discovered in an incomplete and approximate form, and our understanding has gradually deepened. In fact, string theory is no longer about the strings; our best understanding would put the holographic principle closer to the center. But the uniqueness was visible even in the first form: the condition of world-sheet conformal invariance T a a = 0 implies Einstein's equation plus matter, and the coupling constant becomes a field. This property continues to hold in AdS/CFT.
Physics from geometry
In general relativity, gravity comes from the curvature of spacetime. Unity of physics would suggest that the other interactions arise in this way as well. But we have used up the evident part of spacetime in accounting for gravity, so there must be more to it. The uniqueness of string theory actually forces more on us, extra dimensions plus dual structures such as branes. It seems that there is about the right amount of structure to describe the physics that we see. In particular, our laws of physics arise from the geometry of the extra dimensions.
Understanding this geometry ties string theory to some of the most interesting questions in modern mathematics, and has shed new light on them, such as mirror symmetry.
Coming from a background in quantum field theory and particle physics, I find this is less remarkable than most of the other features on my list, but it accounts for some of the great interest in string theory. The physicists who work on string theory come from a great variety of scientific backgrounds (consider the list ) and would be expected to have very different intuitions as to what a fundamental theory should look like, yet string theory appeals to all of them.
Duality between gauge fields and strings
A surprising discovery in recent decades about the structure of quantum physics is that duality is a common property. The word 'quantize' suggests a one-to-one correspondence:
go from the classical theory to the quantum theory by quantizing (for example with the path integral), and go back again by taking the classical limit. For a long time, quantum field theory in particular was thought about in this way. But now we know that many rich quantum theories have multiple classical limits, and that these can look quite different from one another.
Most remarkable is the duality between gauge theory and gravity [16] (presaged in [44, 45, 46] ). A theory of quantum gravity, with all its puzzles, can be obtained by quantizing a gauge theory, something that we are very familiar with. Even QCD, the theory of the strong interaction, contains quantum gravity, albeit in an unfamiliar regime of high curvature.
The gravitational theory obtained by this duality is restricted to spacetimes with special boundary conditions, but within this boundary one can have rich dynamics, including the graviton scattering discussed above, change of the topology of spacetime, or the black hole thought experiments to be discussed below. Of course, extending this to more interesting spacetimes is a key research direction.
Moreover, when quantum gravity emerges in this way, so does the rest of string theory. 3 Indeed, this is our most complete description of string theory. It reproduces the approximate forms that we know in various limits, and fills in the parameter space between. Moreover, the strings themselves are emergent as noted above: the starting point is no longer a theory of strings, and the principle by which the whole theory emerges is now best understood as holography.
Recognizing a common origin for diverse phenomena has been one of the ongoing successes of science. Maxwell's understanding of light in terms of electricity and magnetism was one of the great steps forward. The duality between gravity and gauge theory is equal to this in intellectual magnitude and surprise.
Quantum mechanics of black holes
Nonrenormalizabilty is the immediate problem that one encounters when one tries to quantize gravity, but there are others. Quantum mechanics and general relativity seem to give different pictures of the black hole. In general relativity the black hole is hairless. In quantum theory, it has a temperature and entropy, and so should have a statistical mechanical description in terms of a definite number (the exponential of the Bekenstein-Hawking entropy) of microscopic states. This is the entropy puzzle: what are these states? Beyond this is the information paradox. Black hole evaporation seems to destroy information. To be precise, this means that pure states evolve into mixed states [47] , in contradiction to the ordinary laws of quantum mechanics. This is problematic, but so are the alternatives.
Strominger and Vafa showed that the microstates could be understood in string theory, in agreement with the Bekenstein-Hawking count [48] . Moreover, gauge/gravity duality shows that black hole evaporation must take place within the ordinary framework of quantum mechanics, contradicting Hawking. This ability to shed light on difficult decades-old puzzles that are far from its original motivation is another success of the theory.
It should be noted that the black hole puzzles largely drove the discovery of gauge/gravity duality, forcing theorists to understand better the relation between the dynamics of black branes and D-branes. It seems that these puzzles continue will to be a fruitful source of insight and new ideas [49] .
Summary
Of the five properties I have discussed, I regard three (2.1, 2. Thus, the laws that we see do not follow uniquely from the dynamics, but depend also on the specific solution. This is the price we pay for getting physics from geometry, and for having unique dynamical laws. Of course, one of the central features of physics is that simple equations can have many and complicated solutions. But we did not expect, or want, our observed physical laws to depend on the solution.
So what determines what solution, and laws, we find around us? One might think that this depends on the initial conditions, and so we need to develop a theory of these. Indeed we do need a theory of the initial conditions, but it will probably do little to solve our problem, because quantum mechanics and relativity conspire to hide the past. If we start in any solution with a positive vacuum energy it will inflate. Quantum mechanics will cause small regions to tunnel into any of the other vacua, and the process can repeat indefinitely.
We end up with a vast universe, with all possible solutions realized in one place or another.
This has come to be called the multiverse. The things that we are trying to explain, the observed laws of nature, then do not follow from the fundamental theory but vary from place to place; that is, they are environmental.
In fact, there is reason to believe that we live in just such a universe [55] . The Standard Model vacuum is a rich place, with zero point energies, Higgs fields, quark condensates, color fluctuations, and so on. Why then is there not an enormous vacuum energy? Virtually everyone interested in fundamental theory has wracked their brain over this. For very general reasons, all known theories that predict a definite value of the cosmological constant give either an enormous value, or exactly zero. In the latter case this is accompanied by unbroken supersymmetry, which we do not have. Theories that do not predict a definite value are of two types. Either they have free parameters so the cosmological constant can be set to any value at all (fine tuning), or they have a multiverse. The former case seems unsatisfactory: ultimately we expect that there will be a theory with definite dynamics, and we will be in one of the other cases. In the latter case, different values of the cosmological constant will be realized in different regions. However, most of these regions will be boring, without interesting structure. For structure to develop requires many degrees of freedom, large volume, and long times; these will be realized only in the rare regions where the cosmological constant is small. This was analyzed by Weinberg [56] , sharpening arguments by others [57, 58, 59, 60] . So the only known class of theories that have definite dynamics and are consistent with our observations of the universe are those that give a multiverse.
Before 1997, it was widely assumed that the cosmological constant was exactly zero for some reason, perhaps a symmetry, that had not yet been discovered. The only framework that predicted otherwise was the multiverse [56] , since the cosmological constant need only be small for structure to develop, and an exact zero value would be a set of measure zero.
Thus the discovery of the vacuum energy in 1997 came as a great surprise to all but two classes of people: those who had paid attention to the data without theoretical prejudice (because there had long been evidence of a cosmological constant), and those who knew how hard the problem was and had paid attention to Weinberg's prediction. Speaking as one of the latter, my attitude toward the vacuum energy was not so much expectation as fear, and the hope that the evidence would go away, because a vacuum energy would bring the multiverse into physics.
It is often said that the multiverse is not predictive, but in a very real sense the exact opposite is true. In the last half century there has been no more surprising, or more important, discovery about the fundamental nature of our universe than the vacuum energy. This was the prediction most worth making, and only the multiverse made it. Of course, this is a special circumstance coming from the extreme discrepancy between other theories and the observed value, and for many other quantities it is unpredictive.
However, we do not get to decide how predictive the laws of nature are, how much is random or environmental and how much is fixed. It is something that we have to discover. Of course, if the answer is that we live in a less predictable universe, it will be much harder to know that this is right. But we can figure it out.
To conclude this section, I will make a quasi-Bayesian estimate of the likelihood that there is a multiverse. To establish a prior, I note that a multiverse is easy to make: it requires quantum mechanics and general relativity, and it requires that the building blocks of spacetime can exist in many metastable states. We do not know if this last assumption is true. It is true for the building blocks of ordinary matter, and it seems to be a natural corollary to getting physics from geometry. So I will start with a prior of 50%. I will first update this with the fact that the observed cosmological constant is not enormous. Now, if I consider only known theories, this pushes the odds of a multiverse close to 100%. But I have to allow for the possibility that the correct theory is still undiscovered, so I will be conservative and reduce the no-multiverse probability by a factor of two, to 25%. The second update is that the vacuum energy is not exactly zero. By the same (conservative) logic, I reduce the no-multiverse probability to 12%. The final update is the fact that our outstanding candidate for a theory of quantum gravity, string theory, most likely predicts a multiverse. 6 But again I will be conservative and take only a factor of two. So this is my estimate for the likelihood that the multiverse exists: 94%. 6 With a few exceptions, those who argue in the opposite direction are indulging in wishful thinking. By the way, I count the prediction of a multiverse as a sixth unexpected success of string theory: it accounts for the small but nonzero cosmological constant. 7 For those who find this calculation amusing, I ask you: how many of you expected a nonzero cosmological constant in 1997? If not, perhaps you should be a bit more humble. Like Dick Cheney pontificating on Iraq, past performance is an indicator of future results.
Occam may be respected in some circles where Bayes is not, so let me also express this in terms of his razor, as in [61] . Occam charged for assumptions. As a physicist, it seems that physics from geometry, and uniqueness of dynamics, are a minimal count to the razor. On the other hand, it has always amazed me that general relativity does not charge for volume, and quantum mechanics does not charge for branches: these are no count against the razor. The way that physics creates a rich universe from simple laws is that simple assumptions leave to rich dynamics, and the multiverse may be more of the same. This is not to say that the multiverse is on the same footing as the Higgs, or the Big Bang. Probability 94% is two sigma; two sigma effects do go away (though I factored in the look-elsewhere effect, else I would get a number much closer to 1). The standard for the Higgs discovery was five sigma, 99.9999%.
The next 116 years
I started by talking about the great barrier posed by the Planck scale. If the physical laws that we directly see are environmental rather than fixed, then we face a second barrier that is just as great. You can disagree with my 94% estimate, but there is no rational argument that a multiverse does not exist, or even that it is unlikely.
Supposing that both barriers do exist, one might think that progress will be impossible.
Indeed, if one takes an overly rigid definition of science, then science will be useless by definition. But one should not be so pessimistic, or so dismissive of science. We have perhaps had two pieces of bad luck, but also one of good luck: string theory exists, and we have found it. So how to go forward? Experimentalists must explore all avenues, and theorists should follow their own instincts. Other speakers will talk about the ongoing program to connect string vacua to observation. But for me there is a clear challenge: to complete string theory, the same way that Einstein finished GR, using the kind of tools that have brought us to our current understanding. Obviously it will take longer, it has the quantum as well as the relativity. It may require concepts that we do not yet suspect. But we will succeed. This subject is currently in an exciting state, with new ideas from quantum information theory [39, 40] and the black hole information problem, [49] 
et seq.
So what is my prediction for 2131? It is that we will have figured out the theory of quantum gravity, and that it will be built upon string theory. What and how much will it be able to predict I cannot say; how much can be predicted is something for us to discover. But unification has always led to unexpected insights and predictions, and so I will be optimistic, and predict that when we have crossed the greatest gap and completed the greatest unification, we will know that we are correct, and the result will be wonderful. Of course I am working hard to reduce the interval, I want to know the answer.
